The purpose of the paper is to investigate the β-convergence process between European Union member states in the period 2000-2014 and identify channels of that process. The paper attempts to illustrate if the investigated group of countries experienced convergence because of capital accumulation, technological catching-up or via both mechanisms.
Introduction
Economic convergence is one of the main goals of the European Union integration process, referred to in all the EU treaties. Article 174 of the Treaty of Lisbon states that "The Community shall aim at reducing disparities between the levels of development of the various regions and the backwardness of the least favoured regions…" (EU Treaty of Lisbon, 2007) . After 2004, a vast group of less-developed Central and Eastern European countries started their integration with relatively richer Western European countries. In the last 12 years, GDP per capita disparities between the EU member states have decreased, in other words, σ-convergence has occurred. The key determinant of that process was undoubtedly the β-convergence process -the fact that the growth in GDP per capita has been on average higher in poorer, than in richer EU member states. The existence of a negative relationship between the initial GDP per worker and the pace of economic growth is a phenomenon confirmed in the majority of empirical studies of the convergence process in the European Union (e.g. Schadler, Mody, Abiad and Leigh (2006) ; Alexiadis and Alexandrakis (2008) ; Halmai and Vásáry (2010) ; Tatomir and Alexe (2011); Staňisić (2012) ; Grzelak and Kujaczyńska (2013) ; Rapacki and Próchniak (2014) ).
The theoretical foundations of the idea that poorer countries catch-up with the rich ones derive from two alternative types of approach: neoclassical convergence (capital deepening) and technological catching-up. Neoclassical catching-up refers to the Solow-Swan growth model (1957) . Its central hypothesis is that diminishing investment returns (decreasing marginal productivity of capital) slows the growth rate of a country as it approaches a steady state. It implies that richer economies (with shorter distance from the common steady-state) grow slower than poorer ones. The major aspect of that approach is to assume that all countries implement technology at the same rate. Consequently, it means that all the differences in country growth rates depend on countries' distances from the common steadystate and their rate of decrease of capital returns.
On the other hand, the technological catching-up approach suggests that a catching-up process should occur because poorer countries (followers) have capabilities to easily imitate and adopt technology of more advanced countries (leaders). This approach starts from the assumption of different technology levels and growth rates between countries. That alternative stream in convergence literature initially developed by Abramovitz (1986) , Baumol (1986) , Dowrick and Nguyen (1989) and then introduced in endogenous growth models of Romer (1990) , Aghion and Howitt (1998) , Howitt (2000) , focuses on the fact that poor countries face a huge technology gap and, subject to their absorptive capabilities, can grow faster. Convergence tendencies arise because, although innovation tends to increase productivity and technological differences between countries, diffusion of technology tends to decrease them.
Despite the significant difference in assumptions between the two convergence mechanisms, it is difficult to empirically separate technological progress from capital deepening. In literature, the empirical tests on two alternative channels of convergence have often been conducted by means of the same econometric specification. In standard growth regressions, the initial level of GDP per capita used as explanatory variable may be interpreted both as a proxy for the level of capital (the distance of a country from its steady-state) and as a proxy for the level of technology (technological gap) in the economy. Thus, it's not clear how much of the convergence is due to technology diffusion rather than capital deepening of poorer countries. The necessity of solving that problem was noticed by Stockey (1994) and Temple (1999) . However, the seminal approach to separately test the two possible convergence mechanisms was introduced by Rogers and Dowrick (2002) . An alternative method to study these aspects was also proposed by Wong (2007) and Feyrer (2007) .
Initial research on the importance of the individual channels in shaping the convergence process concerned mainly OECD countries and other countries belonging to the particular income groups. Dowrick and Rogers (2002) found the evidence for the significant role of both channels in the convergence process of 57 rich and poor countries between 1965 and 1990 . Wong (2007 , in a study of 23 OECD countries (including also EU Member States) and the sample of 70 high and low-developed economies in the period 1960-1985 confirmed a much greater relevance of technology channel in shaping the convergence process in both groups of countries. In turn, the convergence research at sectoral level in the group of 50 developed and developing countries in the period 1980-2000 conducted by Dal pointed to the varied importance of both channels for individual income groups. Capital accumulation was proven to be more important for well-developed countries, and technology channel-more crucial for developing countries.
Empirical surveys on the convergence mechanisms in the EU (especially in the enlarged EU) have so far been very limited. They have been conducted mainly at regional level, testing the role of technological progress in the convergence process. Paci and Pigliaru (2001) , in a study of 109 regions of the European Union in the period 1980-1993 noted the importance of technological catchup in shaping the real convergence process. Alaxiadis and Korres (2010), using the regional data for the 27 EU member states in the period 1995-2006, confirmed the hypothesis that the technological factor had a significant and positive effect on convergence in Europe. The role of both convergence channels was also tested in the surveys concerning Italian (Bianchi and Menegatti (2005) , Scoppa (2013) ) and Spanish (de la Fuente (2002)) regions.
The presented paper attempts to fill a gap in the research on the significance of the neoclassical and technological convergence channels with regard to EU member states. The aim of the paper is to investigate β-convergence between European Union member states in the period 2000-2014, and primarily identify channels of that process. The paper attempts to indicate if the investigated group of countries experienced convergence because of capital accumulation, technological catchingup or both mechanisms together. The framework used to test the relative strength of neoclassical and technological catching-up as convergence driving forces in European Union countries combines the neoclassical and endogenous representations of the economic growth process. The hypothesis of a common technology growth (from Solow's model) is mitigated and the technological catching-up hypothesis is adopted. The survey is based both on a theoretical model and empirical specification considering the two mentioned mechanisms.
The paper is organised as follows. The second part concerns the methodology of identifying convergence mechanisms from a theoretical and empirical point of view. In section 3, the data sources are presented, particularly the methodology of capital per worker and TFP calculation is explained. In section 4, the empirical evidence regarding the convergence process between the EU members (EU-27, EU-15 and EU-12 groups) is provided. Section 5 details the results of tests for the importance of neoclassical and technological catching-up as the channels of the convergence process between the EU member states. Additionally, productivity convergence between the EU members (the relation between the initial levels of TFP and TFP growth) is investigated. The conclusion is presented in the final part of the paper.
1.1Neoclassical and technological catching-up: theoretical framework and empirical specification The production function in a closed economy can be written as the Cobb-Douglass function:
where Yit is the output, At the level of technology (Total Factor Productivity level), Kit capital stock and Lit labour resources in country i, at time t. α is the output elasticity of capital, equal to the capital share of income under the assumption that production factors are paid their marginal product. Assuming constant returns to scale, and after dividing both sides of the previous equation by labour input, it can be transformed into the following:
where yit is the output per worker and kit capital per worker of country i. According to Solow's model, capital stock is accumulated at a fixed rate si and depreciates through time at a common rate δ, labour grows at a constant rate ni. Under the above assumptions, capital accumulation in country i can be described by the following dynamic equation:
where the dot notation denotes the derivative of the capital stock with respect to time.
In the neoclassical model, a common country technology growth rate g is assumed, where:
Differently, one assumes that the technology growth rate is different in particular countries, thus:
The assumption about different technology growth rates gi is essential in the situation when the technological catching-up process is to be considered. The technological catching-up approach is connected with the existence of a technological leader and followers, and technology transfer between them. According to Dowrick and Rogers' (2002) specification, technology transfer increases technical progress of a follower in direct proportion to the logarithm of the technological gap at the beginning of the period. Thus, technological progress of country i can be described by the following formula:
Coefficient θ is a constant term reflecting the countryspecific determinants of technological progress (e.g. institutions, policies influencing domestic rate of innovation). A L is the highest value of A in the group of economies under examination (in the initial year of the analysed period), in other words, it is the level of technology of the lead country. Coefficient φ can be interpreted as the speed of technology diffusion due to the technological gap between the leader and follower country i.
Substituting equation (5) 
Then, substituting formula (6) into (7) 
Equation 8 represents two different catching-up channels. The first term on the right-hand side reflects the influence of capital accumulation on the economy's growth in output. Taking into account decreasing capital returns and equation 3 showing that capital accumulation is higher in poorer countries, we can conclude that poorer countries, with a lower level of capital per head, can grow faster than richer ones; thus, the neoclassical catching-up process appears.
The second term in the mentioned equation represents the influence of the technological gap on GDP per worker growth in the economy. The greater the technological gap between the leader and the follower, the higher the output growth in the follower country. In other words, an economy with a lower initial level of technology grows faster because the technological catching-up process occurs. Of course, the role of both mentioned channels in boosting the pace of particular countries' economic growth can be differentiated. Furthermore, they can work separately or together.
The above theoretical background is useful for building a proper econometric specification in order to conduct an empirical analysis concerning the comparison of the importance of neoclassical and technological catching-up in the convergence process between EU member states. Following Bianchi and Menegatii's (2005) approach, the role of the neoclassical and technological convergence mechanisms can be tested via two different econometric specifications.
The first specification combines a modified β-convergence equation (in which output is regressed on the initial level of output) and a model based on the traditional decomposition of economic growth (where growth in output is decomposed into contributions due to the growth in capital and technological progress).
The simplest absolute β-convergence test provided by Barro (1991) investigates the cross-country relation between the initial level of output per worker and the growth in output per worker in the examined period:
The negative relation between the initial level of GDP per worker and its growth in the analysed period, reflected in coefficient β, means that poorer countries grow faster and the absolute β-convergence process exists in the analysed group of countries. In the above equation, the catching-up phenomenon is described by the initial level of output as the regressor. In order to distinguish the two types of the catching-up process (neoclassical and technological), a modification of equation (9) The negative sign of statistically significant β2 coefficient associated with the logarithm of initial capital per worker indicates that poorer countries in the analysed group exhibit faster growth in GDP per worker. It confirms that neoclassical capital deepening is a significant channel of convergence in the investigated group of countries.
The positive sign of statistically significant coefficient associated with the logarithm of the technological gap (measured as the distance between initial A (TFP) level of country i and technology level of the lead country in the group) indicates that less-developed countries, with a huge technological gap, converge to richer ones because they improve their technological level much faster due to technology transfer and imitation. It confirms that technological catching-up occurs as an important channel of the convergence process.
The above econometric specification called "informal growth regression" is the most popular technique used to study sources of economic growth in empirical surveys. However, the modified β-convergence regression including a group of variables affecting growth is not a direct consequence of the theoretical model (8). Taking into account the solution proposed by Dowrick and Rogers (2002) , as well as Bianchi and Menegatii's (2005) approach, the growth rate decomposition regression can be constructed and estimated. A modification of equation (2) so that ln (yt/y0) on the left-hand side is obtained and including equation (5) (with the assumption that the average growth rate of A is substituted by the total growth of technology in the analysed period) results in the following formula: 
Finally, the neoclassical and technological channels of convergence can be investigated by estimating the following econometric model: The positive value of the statistically significant coefficient β3 indicates that the neoclassical channel of convergence works, as well as positive sign of γ3 coefficient implies the significant importance of technological catching-up in shaping the convergence process.
Data
The dataset used in the empirical surveys includes variables observed at annual intervals in the period 2000-2014 for the group of 27 European Union countries: Belgium, Denmark, Germany, Ireland, Greece, Spain, France, Italy, Luxembourg, the Netherlands, Austria, Portugal, Finland, Sweden, the United Kingdom, Bulgaria, the Czech Republic, Estonia, Cyprus, Latvia, Lithuania, Hungary, Malta, Poland, Romania, Slovenia and the Slovak Republic. GDP data expressed in Purchasing Power Parity (Yit) and total labour force data (Lit) in the mentioned countries were obtained from the WDI database (World Bank Development Indicators Database).
Direct measures of capital per worker and technology levels in particular countries are used in the analysis. The dataset on the physical capital stocks (Kit) as well as the levels of technology-TFP (Ait) for all the analysed countries in the period 2000-2014 are not available in any macroeconomic statistical database. To obtain them, additional calculations and surveys had to be conducted.
Countries' physical capital stocks (Kit) in the period 2000-2014 were calculated through Mroczek and Tokarski's (2014) perpetual inventory method. For each of the analysed country, the growth in capital stock can be written as:
where: Kt-capital stock in year t, It-total investment flow, δ ϵ(0,1)-the rate of depreciation of physical capital, fixed usually at the level of 5%. Assuming that , the capital stock in time t can be described via the following formula:
Consequently, it leads to a more general relation between the capital stock and the annual value of investment in the economy that can be written as:
Because the expression (1-δ) τ is the element of decreasing geometric progression, and It > It-1, thus the expression (1-δ)
τ It-τ is also the element of decreasing geometric series. Under the above assumption, the approximate value of capital stock in a country in time t can be expressed as:
The longer the time of investment accumulation taken into account (greater number of years n), the more accurate the approximation of the total value of capital stock in time t in economy.
The data on gross fixed capital formation (the measure of annual value of investment It) for all the analysed countries in the period 1991-2014 was obtained from the WDI database. It was used in formula (16) to calculate the value of capital stocks in the period 2000-2014. A 10-year period of investment accumulation (n=9) and capital depreciation rate δ at the level of 5% were assumed in the formula. In order to estimate the level of technology Ait ("the rest of Solow" or TFP) in the analysed countries, the method applied by Tokarski (2008) , which consists of determining the estimation of parameter α on the basis of a two-input Cobb-Douglas function (1), transformed into the following efficiency model:
The expression indicates the logarithm of technology level in the analysed country i (. In order to include individual and time effects shaping, the level of technology in the particular countries, the proper method of estimation was implemented -the within estimator was used. The estimation of model (17) as the fixed effect model resulted in obtaining the value of coefficient α (see table 1). The next stage of the analysis involved calculating the TFP values (Ait) specific to individual countries and years. They were calculated according to the following formula:
where a is the estimate of parameter α of model (17), amounting to 0.413661.
β-convergence process in the European Union in the period 2000-2014
Studies on the β-convergence processes can be conducted using averaged data for the entire period or panel data. Taking into account the most traditional method based on averaged data, one should be aware that a limited number of observations influence the statistical credibility of the obtained results. However, from the economical point of view, the mentioned approach seems to be adequate, because it gives an opportunity to investigate the relation between initial conditions of economies and their long-run growth processes. On the other hand, due to taking into account a large number of observations and various methods of estimation, it may be said that studies based on panel data are more solid. From the economic point of view, an analysis that uses that kind of data is distorted by the influence of business cycles and other irregular fluctuations of the economy. Besides, it is hard to expect that growth in GDP per capita (per worker) in time t is created by its level in time t-1. From the economic point of view, a good solution may be analysis based on data averaged for subperiods. In this case, the relation between the initial level of GDP and mid-term pace of economic growth can be investigated.
The survey on the convergence process between European Union countries in the period 2000-2014 is conducted with the use of averaged data for the entire period and panel data. In the panel analyses, three subperiods: 2000-2004, 2005-2009 and 2010-2014 were taken into account. Furthermore, the analyses concern not only the entire group of 27 countries, but also the group of 15 "old" EU members states, and the group of 12 "new" member states.
In table 2 the estimation of structural parameters of equation (9) using averaged data for the period from 2000 to 2014 is included. White's test for heteroscedasticity for growth regression models was conducted in order to confirm that the OLS estimator is efficient and unbiased. The results of the conducted tests were satisfactory.
The results indicate the presence of the β-convergence process in the EU-27, in the analysed period. The negative value of the statistically-significant structural parameter β1 of the equation (9) The speed of convergence (β coefficient) is calculated using the following formula:
(where T is the interval between the first and the last observation) and amounts to 1.9%.
The β1 coefficient obtained for the EU-12 group is statistically significant and its negative sign stands for the existence of the convergence process between the "new" EU members. In the analysed period, the countries with lower GDP per worker approached the level of prosperity of richer ones at the relatively high rate of 4.07% per year.
According to the results included in table 2, β1 coefficient obtained for EU-15 is positive and statisticallyinsignificant. It means that the divergence process between the "old" EU members exists.
The above statements are also confirmed by the results of the estimation of equation (9) with the use of panel data (sub-periods: 2000-2004, 2005-2009 and 2010-2014) . For each model the Breusch-Pagan test for the presence of individual effects was conducted. Additionally, for the first model (EU-27 group) the test for diversification of the constant in groups, confirming a viable use of the within estimator, was used. According to the obtained results, the absolute convergence process existed in the entire group of 27 countries as well as in the group of the "new" and relatively less-developed countries. In models constructed for the mentioned groups, the negative and statistically significant β1 coefficients were obtained. The speed of the convergence process amounted to 2% and 2.2% respectively. In the light of the results included in table 3, the convergence process did not exist in the group of the most developed EU members (β1 coefficient was positive and insignificant from the statistical point of view).
The tests for the existence of neoclassical and technological catching-up in European Union member states in the period 2000-2014
The existence of capital deepening and technological catching-up mechanisms of convergence in the EU-27, EU-15 and EU-12 groups were verified, at first, through the estimation of equation (10), and then through the estimation of structural parameters of equation (12). The surveys were conducted with the use of cross-sectional as well as panel data analysis (a panel with three five-year subperiods for each country). The OLS estimator was employed to estimate the structural parameters of the cross-sectional regressions. In order to confirm that the OLS estimator was efficient and unbiased, model diagnostic procedures (White's test for heteroscedasticity and the Jarque Berra normality test) were conducted. The results of the mentioned tests were satisfactory (see table 4 and 6). The estimation technique of panel data regressions was employed after conducting the BreuschPagan test. The results suggested the absence of individual effects and the use of OLS estimator in all the analysed models (see table 5 and 7).
The coefficient estimates of the variables in model (10) with averaged data for the particular groups of countries are included in table 4. The negative and statistically significant β2 coefficients (for the initial level of capital per worker) in models constructed for the EU-27 and EU-12 groups imply that the neoclassical catching-up process occurs. Furthermore, the positive and significant γ2 coefficients (for the initial technological gap) stand for the presence of technological catching-up between the countries in the mentioned groups. Taking into account the values of the obtained coefficient estimates, one may conjecture that the technological channel of convergence in EU-27 and EU-12 is much more important.
According to the results shown in table 4, neither the neoclassical nor technological mechanism works in the group of the "former 15". β2 and γ2 coefficients in the model for the EU-15 group are statistically-insignificant. Table 5 summarises the parameter estimates of model (10) with the use of panel data. In the models made for EU-27 and EU-15, β2 coefficients are negative and statistically-significant. γ2 parameters are also significant but positive. It means that both (neoclassical and technological) catching-up mechanisms have occurred between countries of the above groups. Source: own calculations using GRETL Note: Breusch-Pagan test: Null hypothesis Ho: Error variance in a unit = 0; rejection of H0 means that the introduction of individual effects is desirable; no possibility of using the OLS. ***/**/*means significance at 1%, 5%,10%; the numbers in brackets denote the value of standard error.
Contrary to the result obtained in the cross-sectional regressions, in the panel model built for EU-15, a weak but statistically significant negative correlation between the initial level of capital per worker and GDP per worker growth is found (β2 parameter amounts to -0,072). However, the γ2 coefficient estimated as negative and insignificant results in the absence of the technological mechanism of the convergence process.
The second test for validity of the two alternative channels of convergence in the EU is connected with the estimation of model (12), explained in section 1. Table 6 shows the results of cross-sectional regressions. In models for EU-27 and EU-12, the positive value of β3 parameters, confirms the presence of the catching-up process due to diminishing returns to capital. The positive and statistically-significant γ3 coefficients, amounting to respectively 0.46 and 0.54, indicate that technological catching-up due to technology flows is present. The coefficient estimates obtained in the model for EU-15 have positive signs, but they are insignificant from the statistical point-of-view. Thus, one can conjecture that none of the analysed convergence mechanisms works between the most developed EU members. In turn, the results obtained in the panel data version of model (12) reject the hypothesis of technological catching-up as a determinant of the convergence process, while they confirm the positive and statistically significant influence of capital deepening on the convergence process between them (see table 7). The growth rate decomposition panel regressions for the group of 27 and the "new" 12 countries are also built. The estimates support the previous statements that convergence process in the above groups of countries depends on capital accumulation, as well as on technological catching-up. Looking at the values of the parameter estimates, one can assume that technology transfers and technological gap as determinants of convergence are relatively more important in the EU-12 group.
The results of the above tests, regardless of the econometric specification and the type of data used in surveys, show that the technological channel is found as an important determinant of the convergence process in the entire group of analysed countries and between the "new' EU members, and it is totally insignificant in the EU-15 group. It leads to the conjecture that in the case of the EU-27 and EU-12 groups, technological progress is faster in economies with a relatively lower initial level of technology. In turn, technologically well-developed countries experience higher pace of technology growth than less-developed countries of the EU-15 group. To prove it, an additional simple survey on the existence of productivity convergence is conducted. It consists of an examination of the relation between the initial technology level and technological progress in the analysed groups of countries. Table 8 includes the estimation results of models with averaged and panel data.
The following regression is estimated:
The negative and statistically significant θ coefficient indicates the presence of productivity convergence. Breusch-Pagan test: Null hypothesis Ho: Error variance in a unit = 0; rejection of H0 means that the introduction of individual effects is desirable; no possibility of using the OLS. ***/**/*means significance at 1%, 5%, 10%; the numbers in brackets denote the value of standard error.
Regardless of the type of data taken into account, the obtained estimation results confirm that there is a statistically significant and negative correlation between the initial level of technology and technological progress in EU-27 group (θ coefficient amounts to about -0.34 and -0.19 respectively). Additionally, one can remark that the mentioned negative relation is even stronger between the "new" member states (θ coefficient amounts to about -0.56 and -0.38 respectively). In other words, the pace of productivity convergence between them is much higher than in the overall group of the analysed countries.
In turn, the estimates of the models built for the EU-15 group indicate either the absence of productivity convergence (θ coefficient is negative but statistically insignificant in the model based on averaged data) or the presence of a very weak negative relationship between the initial level of technology and the pace of technological progress (θ coefficient is estimated to be only -0.08 in the model based on panel data).
Conclusion
The paper provides evidence for the presence of the β-convergence process between European Union countries in the period 2000-2014. The conducted analysis clearly indicates that the catching-up process existed in the analysed group of 27 member states. Moreover, the speed of convergence was much stronger between 12 "new" members than in the entire group. However, a surprising aspect of it is that in the analysed period, the convergence between the most developed "old" EU countries did not exist. In other words, in the EU-15 group, the relatively poorer countries did not catch-up with the richer ones.
The paper aimed mainly at identifying the possible mechanisms responsible for generating the obtained convergence results. The conducted empirical surveys were focused on the neoclassical and technological catching-up mechanisms, proposed by the economic theory. The validity of the two alternative convergence driving forces was tested with the use of two different econometric specifications and two different types of data. The obtained results confirmed that both channels of convergence: neoclassical and technological occurred in the group of 27 EU members. Moreover, the technological mechanism seemed to be more important than the neoclassical one. The mentioned phenomenon was particularly visible between the "new" EU countries. Regardless of the econometric specification, and the type of data used in surveys, the obtained results indicated that the β-convergence process between them was the result of differences in technology levels and technology transfer rather than capital accumulation.
The results obtained for the group of "old" EU members were ambiguous. No evidence for the existence of technological channel of convergence process in that group of countries was found. The estimation results of models based on averaged data denoted also the lack of the neoclassical mechanism, while estimations of panel models signalled the importance of capital deepening. Even though the last mechanism was found, it turned out not to be sufficient to influence the β-convergence process in the group of the most developed EU countries.
In general, one may conclude that the technological channel, not capital accumulation, is the driving force of the converge process in the European Union. The more intensive technological catching-up process, the higher the speed of β-convergence. The above statement was also confirmed by the survey on the existence of productivity convergence between the analysed countries.
In the EU-27 and EU-12 groups, where productivity convergence appeared (technological progress was faster in the countries with relatively lower initial TFP level), the β-convergence process was found. It is worth adding that productivity convergence in the mentioned groups was a result of high diversity of technology levels and intensive technology transfer between countries. Moreover, medium-high technologies that are relatively easy to implement were mostly transferred.
In contrast, in the EU-15 group, where countries with higher productivity level experienced the highest technology progress, technological catching-up did not occur, and nor did the β-convergence process. One can suppose, that between the most developed EU countries having similar technology levels and small technological gaps, technology transfer was much less-intense (the implementation of high technologies requires specific absorptive capabilities, the most groundbreaking technologies are particularly protected, etc.).
The obtained results and insights about the sources of the convergence process in the European Union might be an important signal for the convergence policy pursued at the national and European level. The policy concentrated on the dynamics of capital seems to be not effective enough to increase the speed of the convergence process. Bearing in mind the key role of productivity convergence, the policy should move forward in the direction of deepening countries' absorptive and imitation capabilities, as well as supporting technology transfer. This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence
